ABSTRACT The achievable performance of subcarrier-index modulation (SIM) is analyzed in terms of its minimum Euclidean distance, constrained and unconstrained average mutual information, as well as its peak-to-average power ratio (PAPR). Our performance investigations identify the beneficial operating region of the SIM scheme over its conventional orthogonal frequency-division multiplexing (OFDM) counterpart, hence providing general design guidelines for the SIM parameters. More specifically, an SIM scheme is shown to be beneficial for the scenario of a relatively low transmission rate below 2 b/s/Hz. In addition, we demonstrate that the PAPR of the SIM scheme is comparable with that of its OFDM counterpart under the idealized simplifying assumption of having Gaussian input symbols.
I. INTRODUCTION
Orthogonal frequency-division multiplexing (OFDM) [1] has played a key role in numerous communication systems, such as cellular networks, local area networks, television broadcasting and in power line communications. Another appealing broadband concept is constituted by subcarrierindex modulation (SIM) [2] - [16] , where not all subcarriers are modulated, hence the specific legitimate combination of the subcarrier indices of the activated subcarriers carry implicit information. It was shown in [2] - [16] , that in the SIM scheme the subcarrier-sparsity significantly affects the bandwidth efficiency, reliability, power efficiency, decoding complexity, and the peak-to-average power ratio (PAPR).
The origin of SIM dates back to 1991 [17] , when Sasaki et al. provided the analysis and simulation results of the parallel combinatory spread spectrum (PC-SS) system. In the PC-SS system, additional bits are modulated onto the index set of activated spread sequences, in order to increase the achievable throughput of code-division multiplexing access (CDMA) systems. Motivated by the PC-SS concept [17] - [19] , the SIM scheme was proposed by Frenger and Svensson in [3] , where the main difference between the PC-SS and the SIM schemes is in the specific technique of activating spreading sequences and subcarriers. Furthermore, Hou and Hamamura [5] developed the parallel multi-carrier modulation concept for improving the bandwidth efficiency of the SIM scheme, while a phase-rotation scheme was used for the sake of reducing the PAPR of the SIM scheme by Hou and Hase [7] .
The achievable bit-error ratio (BER) performance of the SIM scheme was evaluated by Abu-Alhiga and Haas [6] , motivated by the development of the spatial modulation (SM) scheme [20] - [23] , which relies on the index modulation concept applied in the spatial domain. Furthermore, it was mentioned by Tsonev et al. [8] that the SIM scheme is capable of attaining a lower PAPR than OFDM. The attainable frequency diversity order of the SIM scheme was formulated in closed form by Basar et al. [9] .
However, in most of the previous studies [2] , [3] , [7] - [15] , [17] - [19] , [24] , the performance advantages of the SIM scheme have been discussed in uncoded scenarios, while wireless systems tend to rely on channel coding. The only exceptions were found in [6] and [16] . In [6] , the SIM system relying of convolutional codes was found to outperform the classic OFDM system, although no theoretical analysis was provided. The information theoretic maximum achievable rate (MAR) of the SIM scheme was derived by Wen et al. [16] . Furthermore, it is a challenging task to derive the exact PAPR of the SIM scheme, hence the previous studies [3] , [7] relied on numerical investigations. Although the maximum PAPR value of the SIM scheme was derived analytically by Tsonev et al. in [8] , it is more important to consider the PAPR distribution [25] , rather than its maximum value. The milestones of SIM are summarized in the timeline of Fig. 1 .
Against this background, the novel contributions of this paper are as follows:
• We derive the upper bound of the minimum Euclidean distance (MED) of the SIM symbols. As mentioned in [9] , the MED and the coding gain are directly related to each other, hence the upper bound of the MED derived constitutes one of the fundamental design criteria of the SIM scheme. We demonstrate that the SIM system based on our MED-maximized guidelines, achieves a higher performance than its conventional OFDM counterpart for a throughput below 2 bits/s/Hz.
• We derive both the unconstrained and the constrained average mutual information (AMI) of the SIM system FIGURE 2. The structure of this paper.
both for additive white-Gaussian noise (AWGN) and for frequency-flat Rayleigh fading channels. 1 Our information theoretic analysis is verified by our numerical simulations relying on near-capacity three-stage turbocoded SIM systems [26] , [27] and on their extrinsic information transfer (EXIT)-chart-based analysis.
• Additionally, we characterize the PAPR of the SIM transmitter with the aid of its level-crossing rate analysis [25] . This reveals that under the assumption of Gaussian input symbols the PAPR of our SIM system is comparable to that of its OFDM counterpart. The remainder of this paper is organized as follows. Section II introduces the system model of our SIM scheme and Section III presents our MED analysis. Furthermore, Section IV provides the constrained and unconstrained AMI of the SIM scheme, while Section V characterizes its PAPR. In Section VI our performance results are provided and finally, Section VII concludes this paper. The structure of this paper is detailed in Fig. 2. II. SYSTEM MODEL A. SIM TRANSMITTER Fig. 3(a) shows the schematic of the SIM transmitter, where (M · B) input bits are converted into the timedomain signals x(t), having the frame length of T s sec. The N subcarriers are divided into N /M groups, each containing M subcarriers.
As shown in Fig. 3(a) , (M · B) information bits are divided into M groups, each having B bits. In each group, the B information bits are modulated by the SIM encoder of Fig. 3(b) , where an M -length frequency-domain symbol vector is generated. Then, the N /M symbol vectors of the N /M subcarrier-groups are merged into x = [x 1 , . . . , x N ] T ∈ C N . The combination of the SIM encoding block will be detailed in Section II-B. Furthermore, the frequency-domain symbol vector x is converted into the time-domain signals x(t) (0 ≤ t ≤ T s ) having the N -point inverse Fourier transform (IFT), yielding:
where we have
Here, the cyclic prefix (CP) insertion is ignored for simplicity. The PAPR of the SIM signals is represented by
where the mean of the data symbols x n is zero.
B. SIM ENCODING BLOCK
As mentioned above, the SIM encoding block converts B input bits into the complex-valued symbol vector of length M , where K ≤ M elements are non-zero, hence the SIM system is represented by SIM(M , K ). The B input bits are divided into two parts, namely, B 1 and B 2 bits. Based on the first B 1 -length bit sequence of b 1 , K APSK symbols s 1 , . . . , s K ∈ C are mapped to L−point APSK constellations, which are multiplied by the coefficient √ M /K , in order to normalize the total 
The positions of the non-zero elements in the frequencydomain symbols x are represented by the integer vector a i ∈ Z K (1 ≤ i ≤ N ch ), where each element of a i ranges from 1 to M . In [3] , a i is recursively defined based on natural binary coding (NBC). More specifically, we have the binary matrix of
where 0 denotes a column vector of length
containing only zeros, while 1 denotes a column vector of length
containing only ones. Then, a i is given by the ith row of A K ,M . Alternative to the NBC-based approach, we may also rely on the look-up table (LUT) method of [3] and [9] , in order to construct a i .
Let us exemplify the SIM encoding block in Fig. 3(b) , where we consider the SIM(4, 2) scheme. Then, we have 
When employing the NBC method, the integer vectors a i of the activated indices are given by , 4] , and a 4 = [2, 3] based on the first, second, third, and fourth rows of A 2, 4 . By contrast, when we adopt the LUT method, we have the integer vectors of 4] , and a 4 = [3, 4] based on the first, second, fifth, and sixth rows of A 2, 4 . Finally, the BPSK-modulated symbols are multiplied by the power constraint √ M /K = √ 2. Table 1 shows the mapping example of the LUT method.
C. SIM RECEIVER
For simplicity, we assume independent and identically distributed (i.i.d.) frequency-flat Rayleigh fading channels. Note that this is a realistic assumption, since the interleaved grouping method allows the SIM scheme to experience nearly uncorrelated Rayleigh fading channels [16] . 
where h n and n n follow the complex-valued Gaussian distributions of CN (0, 1) and CN (0, σ 2 n ), respectively, where σ 2 n is the noise variance. By stacking the N received signal vectors of Eq. (7), we arrive at y = diag(h)x + n, where the variance of the APSK symbols is given by
The optimal maximum likelihood (ML) detection of the uncoded SIM scheme is formulated aŝ
whereb is the estimated bit sequence, which consists of the estimated bits ofb 1 andb 2 . The search space of the SIM scheme's ML detection per bit is given by the order
Although the reduced-complexity detectors developed for the SIM scheme in [9] are readily applicable, the detection complexity of the SIM scheme is typically high, especially for high-M scenarios. By contrast, the classic OFDM symbols are simply decoded on a subcarrier-by-subcarrier basis using low-complexity detection, where the search space per bit is as low as O(L/ log 2 L).
D. THREE-STAGE TURBO ENCODING AND DECODING
The powerful channel coding schemes, such as turbo and lowdensity parity check codes, allow us to achieve near-capacity performance [26] , [27] . Fig. 4 shows the three-stage turbo coded system employed in this paper. More specifically, we employ the recursive systematic convolutional (RSC) code VOLUME 4, 2016 having a constraint length of two as the outer code, while the SIM encoder is concatenated with the unity-rate convolutional (URC) code, which is considered as the inner code. The log-likelihood calculation of the SIM decoder is the same as that shown in [26] . In the iterative decoding process at the receiver, the number of iterations in the outer and inner code are denoted by I out and I in , respectively.
III. MINIMUM EUCLIDEAN DISTANCE ANALYSIS
In this section, we analyze the MED of the SIM symbols. Then, we provide our design guidelines for the SIM parameters by considering the maximization of the MED.
A. DEFINITION OF MED
Let us define the MED of the SIM symbols as
where α
is the mth singular value of
When assuming PSK or square-constellation quadrature amplitude modulation (QAM), the MED of the SIM symbols, having the relationship of M > K , is formulated as:
for L ≥ 4, and
for L = 1 and 2. Furthermore, for the M = K scenario, where the SIM scheme is equivalent to the conventional OFDM scheme, the MED is represented by Eq. (11) for L ≥ 4 and
for L = 2. Considering that σ 2 s is the transmit power averaged over the entire set of N subcarriers, upon increasing the sparsity of the frequency-domain SIM symbols, i.e. using K /M , the MED of Eq. (11) increases. Naturally, this is typically achieved at the cost of reducing the normalized transmission rate R.
For example, let us consider the BPSK-aided OFDM and the 4-QAM-aided SIM(4,1) schemes, having the corresponding MEDs are 4.0 · σ 2 s and 8.0 · σ 2 s , respectively. In Fig. 5 , we exemplify the Euclidean distances of the legitimate symbols for the both schemes. It was observed that the MED of the SIM scheme was 3.272, while that of the OFDM scheme was 1.636.
B. OUR DESIGN GUIDELINE FOR SIM SYMBOLS
There are several possible combinations of the SIM parameters (M , K , L) that satisfy a given transmission rate of R ≥ 2, according to Eq. (4). Let us first introduce the criterion invoked for determining the constellation size L, which maximizes the MED of Eq. (11), as follows:
Proof of Criterion 1: From Eq. (4), we have the following inequality:
Hence, employing the constellation size of L ≤ 2 R−1 fails to reach the transmission rate R. Furthermore, the following inequality is always satisfied:
where K 1 and K 2 are integers that satisfy the rate constraint of
Next, let us introduce another criterion for choosing a beneficial subcarrier-activation ratio of ξ = K /M in a heuristic manner. The normalized transmission rate of the SIM transmitter in Eq. (4) is upper-bounded by where we have the binary entropy function of H (r) = −r log 2 (r)−(1−r) log 2 (1−r) and the relationship of M = K . Note that for reformulating Eq. (15) as Eq. (16), Stirling's approximation [28] was used. By employing Criterion 1, i.e., L = 2 R , Eq. (16) is further modified to:
where ξ denotes the subcarrier activation ratio of ξ = K /M . Upon assuming that ξ approaches 1, Eq. (17) is transformed into
where W denotes the Lambert W function of [29] . The detailed derivations of Eqs. (18) and (19) are shown in the Appendix. Hence, our design guideline for a beneficial subcarrier-activation ratio of ξ = K /M is given by:
Furthermore, upon substituting Eq. (19) into Eq. (11), the MED of the SIM scheme designed based on our criteria is loosely upper-bounded by
for R ≥ 2.
C. NUMERICAL EVALUATION OF THE PROPOSED CRITERIA
In order to numerically characterize the proposed design guidelines, in Fig. 6 we show the exhaustive search based plots of the MED, where we considered the MED of the SIM and of the conventional OFDM systems employing both BPSK and L-QAM. Furthermore, the MEDs of the SIM scheme (R ≥ 2) designed according to our criteria of Eqs. (14) and (20) as well as based on the approximate upper limit of Eq. (21) was drawn. Observe in Fig. 6 that the MED bound of Eq. (21) closely matched the maximum values of the MEDs for R ≥ 4.0 bits/s/Hz, whereas it became inaccurate in the low-rate regime, due to the assumption of ξ ∼ 1. Furthermore, it was found that for R ≥ 4.0 bits/s/Hz, our criteria allow us to design the SIM parameters for achieving a MED close to the optimum one. Importantly, it was shown in Fig. 6 that for a low transmission rate of 1 ≤ R ≤ 4 bits/s/Hz, the SIM scheme exhibited an explicit MED performance advantage over the conventional OFDM scheme, while for R > 4 bits/s/Hz its benefits eroded. By taking into account that typically a high decoding complexity is typically imposed by the family of high-M SIM schemes, 2 the benefits of the SIM scheme over the OFDM scheme are only substantial in the low-rate range of 0 ≤ R ≤ 2 bits/s/Hz. 3 Note, furthermore, that our design guidelines of the SIM parameters are derived based on the maximization of the MED, since the SIM symbols having a high MED tend to exhibit a high coding gain, which corresponds to the gain achievable at high SNRs in uncoded scenarios. However, maximizing the MED of SIM symbols does not guarantee the maximization of constrained capacity as well as AMI.
Next, Fig. 7 shows the optimum subcarrier activation ratio ξ versus the throughput R determined by the exhaustive search of the SIM symbol-space. Here, the bounds of Eqs. (17) , (18) and (19) are also depicted. Observe in Fig. 7 that upon increasing the normalized transmission rate, the optimum subcarrier-activation ratio ξ monotonically increases and asymptomatically converges to ξ = 1.0 at high rates, which corresponds to the conventional OFDM scheme.
IV. AVERAGE MUTUAL INFORMATION ANALYSIS
In this section, we introduce the AMI of SIM experiencing both AWGN and i.i.d. frequency-flat Rayleigh fading channels. 4 Without loss of generality, we only consider SIM symbols of x ∈ C M , which are modulated by a single SIM encoding block of Fig. 3(a) . 2 When we have a high-K value in the SIM scheme, the associated decoding complexity is significantly high, which is unpractical even when employing the state-of-the-art decoding techniques. More specifically, upon linearly increasing the K value, the decoding complexity exponentially increases. Hence, it is practical to choose the moderate (M , K ) values from the possible combinations. 3 For the rate of R ≥ 4 bits/s/Hz, the SIM parameters (M , K , L), achieving a higher MED than that of OFDM, were not found in the practical range of 0 ≤ M , K ≤ 20. 4 In the previous studies [30] , [31] , the constrained and unconstrained AMI of the SM scheme was referred to as capacity, although it is not clarified that the Gaussian input maximizes the AMI of the SM scheme [32] . A similar problem occurs in SIM systems, and hence we employ the terminology AMI, rather than capacity. VOLUME 4, 2016 FIGURE 7. The subcarrier-activation ratio ξ determined according to our design guidelines. The optimum ratio ξ yielding the MED calculated by exhaustive search was marked by circles.
A. CONSTRAINED AMI
The constrained AMI, assuming a finite input symbol set, is given by [33] , [34] 
and x (i) (i = 1, . . . , 2 B ) represents the symbol vectors of the conventional OFDM and of the SIM schemes. Note that the maximum achievable rate derived in [16] is upper-bounded by the constrained AMI of Eq. (22).
B. UNCONSTRAINED AMI
Similar to the unconstrained AMI derived for the SM system [30] , [35] , let us present the unconstrained AMI of the SIM scheme, under the idealized simplifying assumption that the input signals obey the Gaussian distribution. The mutual information (MI) of two continuous random variables X and Y , which obey the distribution of the transmitted symbols x and of the received symbols y, may be expressed as [16] , [35] :
where X sy and X ch are random variables of the signaling spaces, which correspond to the classic modulated symbol and to the implicit subcarrier activation's symbols, respectively. Then, the unconstrained AMI is defined by
Here, C 1 = max p(x) I(X sy ; Y |X ch ) represents the AMI corresponding to the classic APSK symbols, while C 2 = max p(x) I(X ch ; Y ) represents the AMI associated with the SIM scheme's subcarrier-activation's symbols. The probability density function (pdf) of a random variable z ∈ C that obeys the unit-variance complex-valued Gaussian distribution CN 0, σ 2 z is represented by
Let us assume that the input symbols X sy obey the unitvariance complex-valued Gaussian distribution CN (0, 1). Then the joint pdf of the real and imaginary parts of a complex-valued random variable is given by
where k is the index of an activated subcarrier. Under this assumption, the joint pdf of activated subcarriers p(x) is calculated by the finite product of the Gaussian pdf of Eq. (29) as follows:
Similarly, the joint pdf of the AWGN can be expressed as:
where n m is the mth element of n. Furthermore, let h a i ∈ C M denote the channels associated with the subcarrier indices a i . The mth element of h a i is defined by
where h m is the mth element of h. For example, when considering the SIM (4, 2) scenario of 
Since the received symbols y m of Eq. (7) obey the complexvalued Gaussian distribution, we have
Furthermore, the probability p(y|h a i ) is given by the joint pdf of M Gaussian-distributed symbols as follows:
The probability p(y) may also be defined by the average of the subcarrier-index activation combinations, which is given by
Let us now derive the AMI C 1 , corresponding to the classic modulated symbols. Recall that the ergodic capacity of the SISO system having N = M = K = 1 is represented by (36) where the SISO system's channel coefficient h ∈ C obeys the distribution of CN (0, 1), and ρ represents the normalized SNR. Note that the unconstrained AMI of the conventional OFDM scheme is equivalent to C SISO (ρ).
Similarly, the AMI of the SIM 'symbols' is represented by the sum of K complex-valued Gaussian symbols as follows:
Then, the AMI C 1 of the legitimate SIM-symbol combinations of a i (1 ≤ i ≤ N ch ) is formulated by
For the i.i.d frequency-flat Rayleigh fading channels, the AMI C 1 of Eq. (38) is simplified to
Having introducing the AMI C 1 associated with the classic modulated symbols, let us now derive the AMI C 2 , corresponding to the subcarrier activation based SIM-symbols. The MI between the channel vector and the received signals is given by
Here, the second term of Eq. (40) is given by
where we have p(h a i ) = 1/N ch , while the first and the second terms of Eq. (41) are represented by C 21 (i) and C 22 (i), respectively. Furthermore, the AMI C 21 (i) is calculated as follows:
Note that the AMI C 22 (i) cannot be expressed in closed form. Hence, the calculation of C 22 (i) imposes high complexity, considering that C 22 (i) involves 2M -dimensional integration of a logarithm, including (N ch · M ) calculations of Eq. (28). 5 Here, in order to avoid this 'combinatorial explosion' problem, based on the relationship of y p(y|h a i )dy = 1, the AMI C 22 (i) is simplified to
where we have 5 For example, when considering the SIM (128, 64) scheme, N ch becomes 2 124 ≈ 2.1 · 10 37 . Then, C 22 (i) is calculated from the 256-dimensional integrations.
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Furthermore, we derive the relationship of lse(µ 1 , . . . , µ N ch ) = ln N ch j=1 e µ j , which represents the log-sum-exp function used for accurately calculating the logarithm of the summation of the exponential terms. 6 The pdf of y m , having the variance of CN (0, σ 2 y (i, m)), is calculated from Eq. (34). For instance, in the SIM(4, 2) scheme having N ch = 4, the four random variables y m (1 ≤ m ≤ 4) associated with a 2 (i = 2) are generated according to the distributions of CN (0, 2σ 2
, and y 4 ∼ CN (0, σ 2 n ). Finally, for the i.i.d. frequency-flat Rayleigh fading channels considered, we arrive at
and for the AWGN channels, the AMI C 2 of Eq. (46) is simplified to
The constrained and unconstrained AMI of Eqs. (22) and (26) are used in our performance evaluations of Section VI.
V. PAPR ANALYSIS
In this section, we analyze the PAPR of the SIM scheme, represented by Eq. (3).
A. THE MAXIMUM PAPR [8] The maximum PAPRs of the conventional OFDM and SIM schemes are given by 3N (
, respectively [8] . However, as mentioned by Ochiai and Imai [25] , the probability of encountering the maximum PAPR is as low as 4L −NK /M , and hence the maximum PAPR is not the suitable metric for characterizing the PAPRs of the conventional OFDM and of the SIM schemes.
B. LEVEL-CROSSING RATE ANALYSIS [25] In order to characterize the PAPR distribution of the SIM scheme, the time-domain SIM signals x(t) and their derivativeẋ(t) = dx(t)/dt are assumed to obey the Gaussian distribution. Then, from Eq. (1) we arrive at
|x n | cos ω n t + arg(x n ) (49)
ω n |x n | sin ω n t + arg(x n ) . (50) 6 The lse function first searches for µ max = max j (µ j ), and then returns
Let us define the square root of the PAPR as ζ . Then its complementary cumulative distribution function (CCDF) was expressed by Ochiai and Imai as [25] 
whereN p (a) is the mean of the peaks above a level a, andζ is the minimum threshold, which is set to √ π . Furthermore, according to [25] ,N p (a) is approximated bȳ
where the mean of upward crossing denoted by ν + c (a) is given by [25] 
Here, σ 2 x(t) and σ 2 x(t) are the variances of x(t) andẋ(t), respectively. Note that, according to Parseval's theorem, the integral of the power spectral density (PSD) in the frequency domain,
|FFT[x(t)]| 2 , exhibits the identical value for both the conventional OFDM and the SIM schemes. Similarly, the integral of the PSD ofẋ(t) = Re[IFFT[jω n x n ]] exhibits the identical value for both OFDM and SIM.
VI. SIMULATION RESULTS
In this section, we provide our performance results for characterizing the SIM scheme. In our simulations, the effects of the CP insertion were not taken into account, except for the PAPR comparisons. In each Monte Carlo simulation, more than 10 7 random input bits were generated. The normalized transmission rate and the transmit power were set to the same values for all the schemes, in order to provide fair performance comparisons. The NBC method of [3] was adopted for the SIM encoding. 7 
A. THE BER AND PAPR COMPARISONS IN UNCODED SCENARIOS
First, in Figs. 8 and 9 we compared the BERs of the SIM and the conventional OFDM systems, which operated in uncoded scenarios. The associated PAPRs were also plotted according to Eq. (3), in order to verify the analysis of Section V.
First, in Figs. 8 and 9 we compared the BERs of the SIM and the conventional OFDM systems, which operated in uncoded scenarios. The associated PAPRs were also plotted according to Eq. (3), in order to verify the analysis of Section V. In Fig. 8 we considered the 4-QAM-aided OFDM, the 4-QAM-aided SIM (4, 3) , the 4-QAM-aided SIM (16, 10) , and the 64-QAM-aided SIM(4,1) schemes, each exhibiting a normalized throughput of R = 2 bits/s/Hz. From Eq. (11), the MEDs of the associated four schemes were 2.00, 2.67, 3.20 and 0.38, respectively, where the variance of the APSK symbols was σ 2 s = 1. Observe in Fig. 8(a) that as expected, the specific SIM scheme, having the higher-MED value, resulted in better BER performance at high SNRs than its OFDM counterpart.
Furthermore, as shown in Fig. 8(b) , all the schemes exhibited a similar curve.
In Fig. 9 , we considered the normalized throughput of 3.0 bits/s/Hz. Here, the 8-PSK-aided OFDM, the 8-PSK-aided SIM (8, 7) , the 8-PSK-aided SIM (16, 13) , and the 32-PSK-aided SIM(16,7) schemes were compared. The MEDs of the associated four schemes were 0.59, 0.67, 0.72, and 0.088, respectively. In Fig. 9 (a) similar BER trends to these of Fig. 8(a) were observed, while in Fig. 9(b) all the PAPRs obeyed similar trends. This implies that the reduction of the subcarrier-activation ratio ξ does not lead to the reduction of the PAPR, as discussed in Section V.
B. THE AMI COMPARISONS
Next, we compared the AMI of the SIM and of the conventional OFDM systems. Fig. 10 shows the unconstrained AMI of the SIM system, where we varied the number of activated subcarriers from K = 1 to 16, while fitting the total number of subcarriers to M = 16. Furthermore, frequency-flat i.i.d. Rayleigh fading channels were assumed. Fig. 10 shows that the AMI monotonically increased upon increasing the number of activated subcarriers K , which became particularly pronounced at high SNRs. Note that the unconstrained AMI of the SIM scheme is upper-bounded by that of the OFDM scheme. Note that in the context of the OFDM scheme, the AMI C 2 is absent, because it activates all subcarriers. Fig. 12 shows both the constrained and unconstrained AMI curves of the 4-QAM-aided SIM(4,1) and of the BPSK-aided OFDM schemes in i.i.d. Rayleigh fading channels. Here, the constrained AMI of the SIM scheme was better than that of the OFDM scheme. Specifically, the performance advantages were 1.21 and 2.06 dB for the RSC rates of 1/2 and 3/4, respectively. However, the unconstrained AMI of the conventional OFDM scheme was higher than that of the SIM scheme. This implies that although the SIM scheme may outperform its conventional OFDM counterpart for a fixed transmission rate scenario, the OFDM scheme relying on adaptive modulation [36] typically outperforms its SIM counterpart. Fig. 13 shows the constrained AMI curves of the 4-QAM-aided SIM(4,3) and of the 4-QAM-aided OFDM arrangements in Rayleigh fading channels. Observe in Fig. 13 that the constrained AMI of the SIM scheme was slightly better than that of its OFDM counterpart at high SNRs, as expected from the MED comparisons of Fig. 6 .
C. PERFORMANCE COMPARISONS OF TURBO-CODED SYSTEMS
Finally, we investigated the achievable performance of the three-stage turbo-coded SIM and OFDM schemes. The system parameters employed in our simulations are listed in Table 2 .
Here, we focused our attention on the low-rate scenarios, where the SIM scheme had the edge over its OFDM counterpart, as demonstrated by the MED analysis of Section III. More specifically, SIM/OFDM throughputs of R = 1 1) and of the OFDM schemes. The outer code was a half-rate RSC code. The decoding trajectory was plotted at the SNR of −0.8 dB. All other system parameters were summarized in Table 2. and 2 bits/s/Hz were considered. Fig. 14 shows the EXIT charts of the 4-QAM-aided SIM(4,1) and of the BPSKaided OFDM schemes, where the system parameters were the same as those used in Fig. 12 , while employing the abovementioned half-rate RSC code. Here, I a and I e represent the a priori and a posteriori information of the SIM scheme's inner code, respectively. The decoding trajectory of the SIM FIGURE 15. BER comparisons of the three-stage-coded SIM and OFDM schemes, employing the half-rate RSC code; (a) R = 0.5 and (b) R = 1 bits/s/Hz. All other system parameters were summarized in Table 2 .
system was plotted at SNR = −0.8 dB. Moreover, the inner code's and the outer-code's EXIT curves were designed to match each other, hence the Monte-Carlo simulation based stair-case-shaped decoding trajectory converged to the point of perfect convergence to an infinitesimally low BER corresponding to (I a , I e ) = (1.0, 1.0).
To elaborate further, in Fig. 15 (a) the achievable BERs of the three-stage-concatenated 4-QAM-aided SIM(4,1) and the BPSK-aided OFDM schemes were compared, where the system parameters were the same as those used in Figs. 12 and 14, implying that the normalized throughput was R = 0.5 bits/s/Hz. Additionally, in Fig. 15(b) we characterized the three-stage-concatenated 4-QAM-aided SIM (4, 3) and the 4-QAM-aided OFDM schemes, each exhibiting the normalized throughput of R = 1 bits/s/Hz. Observe in Figs. 15(a) and (b) that the SIM scheme outperformed its conventional OFDM counterpart by 1.02 dB and 0.16 dB, respectively, which might be deemed modest, but justified by its near-capacity operation.
VII. CONCLUSIONS
In this paper, we carried out both theoretical and numerical comparisons between the SIM and OFDM systems in a comprehensive manner. Based on the derived upper bound of the SIM scheme's MEDs, we provided design guidelines for the SIM parameters. Our analysis demonstrated that upon increasing the sparsity of the frequency-domain SIM symbols, the associated MED increases at the cost of reducing the normalized throughput. It was revealed that the SIM scheme exhibits an explicit BER advantage over its OFDM counterpart for a throughput of R ≤ 2 bits/s/Hz. Furthermore, we derived both the constrained and unconstrained AMI of the SIM scheme, for both AWGN and frequency-flat Rayleigh fading channels. Moreover, we showed that the PAPRs of the SIM and the OFDM systems were nearly identical, when assuming that input symbols obey the Gaussian distribution.
APPENDIX
In this appendix, we solve R ≤ H (1 − ξ ) / (1 − ξ ) with respect to ξ (0 < ξ < 1). By assuming x = 1−ξ (0 < x < 1), we have xR ≤ −x log 2 x − (1 − x) log 2 (1 − x).
Furthermore, we assume that x approaches 0. Then, since we have the approximations of ln(1−x) ≈ −x−x 2 /2 and x 2 ≈ 0, Eq. (54) 
Here, we represent e 1−R ln 2 and e −x/2 as R and (1 − x ), respectively. With the aid of the Lambert W function, Eq. (56) can be transformed into
Then, we arrive at
Furthermore, by substituting x = R (1 − x ) into Eq. (55), we obtain
Then, we have
where R = e 1−R ln 2 . Finally, we arrive at
This approximation is valid, only when ξ approaches 1.
